In this study, the adhesion of bacteria differing in surface hydrophobicity was investigated. Cell wall hydrophobicity was measured as the contact angle of water on a bacterial layer collected on a microfilter. The contact angles ranged from 15 to 700. This method was compared with procedures based upon adhesion to hexadecane and with the partition of cells in a polyethylene glycol-dextran two-phase system. The results obtained with these three methods agreed reasonably well. A few authors have described bacterial adhesion in terms of surface free energy (1, 3, 5, 6) . Surface free energy was calculated from the contact angle of a drop of water or another liquid on a given surface or on a closed layer of bacteria. The contact angle (0) of a drop of liquid (L) on a solid surface (S) is a function of the three different surface free energies involved and may be quantified in terms of the three surface tensions (y, expressed in N m-1) through Young's equation (Fig. 1) From the above it becomes evident that solid surface free energy as a thermodynamic quantity cannot be calculated from the contact angle but can only be estimated by making some nonthermodynamic assumptions. The contact angle, however, is a relative measurement of the hydrophobicity of the surface which in most cases shows a correlation with the surface free energy (the surface free energy decreases with increasing hydrophobicity). Nevertheless, the data in this paper are solely interpreted in terms of hydrophobicity (because this is what is measured by contact angles), and the terms surface free energy or surface tension will be used only when referring to the work of other authors who consistently use this term in their publications.
Since the beginning of this century. different reports have been published which suggested that solid-liquid interfaces can have a considerable effect on bacterial physiology. As early as 1913, Sohngen (17) showed that inorganic colloids may influence a variety of microbial processes in soil (e.g.. nitrogen fixation, denitrification, etc.). In the 1940s, Zobell (25) inferred that solid surfaces are beneficial to bacteria in dilute nutrient solutions. This view was supported by Stotzky and Rem (19) , who found a stimulating effect of montmorillonite clay on the activity of a number of bacteria. In recent years, these and other observations have led to more detailed investigations concerning the influence of solid surfaces on microbial activity (4) . Despite the recognition that solid surfaces may influence microbial activities, a good explanation for the observed phenomena is still lacking. Even the adhesion behavior of bacteria is not yet fully understood.
A few authors have described bacterial adhesion in terms of surface free energy (1, 3, 5, 6) . Surface free energy was calculated from the contact angle of a drop of water or another liquid on a given surface or on a closed layer of bacteria. The contact angle (0) of a drop of liquid (L) on a solid surface (S) is a function of the three different surface free energies involved and may be quantified in terms of the three surface tensions (y, expressed in N m-1) through Young's equation (Fig. 1 ) YLV COSO = YSV -YSL. Experimentally, it is not possible to determine the surface tensions of the solid-liquid (YSL) and solid-vapor (ysv) interfaces independently. Therefore, a second relationship in addition to Young's equation 1 is needed. Fowkes (7) proposed a (nonthermodynamic) relationship in which the interfacial tension is the geometric mean of the surface tension of the two interacting phases. Two approaches based on this assumption are usually used to estimate solid surface tension, namely the geometric mean (3) and the equation of state (1) . In the former approach, it is assumed that the total surface tension is the sum of a dispersive part (because of London-van der Waals interactions) and a term comprising all other interactions (e.g., dipole-dipole, hydrogen bonding, etc.). For the theoretical backgrounds of both approaches, * Corresponding author. see Fowkes (7) , Good (9) , and Neumann et al. (12) . Since there is some controversy regarding the relative merits of both approaches (2, 18), we will compare them to show that the practical results are comparable.
From the above it becomes evident that solid surface free energy as a thermodynamic quantity cannot be calculated from the contact angle but can only be estimated by making some nonthermodynamic assumptions. The contact angle, however, is a relative measurement of the hydrophobicity of the surface which in most cases shows a correlation with the surface free energy (the surface free energy decreases with increasing hydrophobicity). Nevertheless, the data in this paper are solely interpreted in terms of hydrophobicity (because this is what is measured by contact angles), and the terms surface free energy or surface tension will be used only when referring to the work of other authors who consistently use this term in their publications.
In addition to the contact angle method, the hydrophobicity of bacteria can also be determined by partitioning bacteria between two aqueous phases (8) or by quantifying the number of bacteria adhering to droplets of organic solvents (13) Adhesion experiments. Freshly prepared bacterial cell suspensions were incubated together with polystyrene disks on a rotary shaker at 25°C. After incubation for 0.5 h, the disks were taken from the suspension and rinsed gently for 30 s in 0.1 M phosphate-buffered saline to remove nonattached cells. The rinsing was performed by moving the disks slowly through the water to prevent detachment of cells due to shear forces. Possible transfer of the cells from the polystyrene surface to the air-water interface during the washing procedure could not occur because a drop of liquid always remained on the disk during the washing procedure. Rinsed disks were dried and colored with Erythrocyne red. The number of cells adhering to the surface were counted under a light microscope with a calibrated eyepiece. Surface coverage was calculated by multiplying the number of cells per square meter by the cross-sectional area of the cell.
RESULTS
In a first attempt, we tried to measure contact angles of bacterial deposits by the method described by Absolom et al. (1) . Although the procedure was followed closely, we were APPL. ENVIRON. MICROBIOL. [7] ).
To examine to what extent the preparation procedure of a bacterial layer for contact angle measurements influences cell surface hydrophobicity, a comparison was made between the contact angle measurement and the behavior of bacteria in two different two-phase systems. The experimental setup of both measurements is shown in Fig. 2 . From the relationship between the contact angle measurements and the adhesion to hexadecane droplets (Fig. 3) , we concluded that bacteria with a contact angle below 300 do not adhere to the hydrocarbon phase. Above this critical contact angle, adhesion increased concomitantly with the contact angle. Although important deviations occur, the general trend in the partition of bacteria in the PEG-DEX system approximately follows the contact angle measurements (Fig. 4) .
Three of four bacterial strains expected to concentrate at the interface actually did so. The contact angle measurements also have a predictive value for the adherence of bacteria to negatively charged polystyrene (Fig. 5) . Correlation between coverage of a surface and contact angle measurements on these surfaces has also been reported elsewhere (1, 3, 5, 14, 23) . A good correlation between bacterial adhesion and the hexadecane test has already been reported earlier (13) .
DISCUSSION
Measurement of bacterial hydrophobicity can be of importance in many research areas, e.g., biofouling, oral microbiology (3), phagocytosis (22) , soil microbiology, etc. Therefore, a good measure for bacterial hydrophobicity is needed. The use of a broad range of various tests (14) (15, 21) . In that case, no new boundaries are formed and a balance of surface free energies will overestimate the adhesion free energy.
In the hexadecane test, removal of cells from the aqueous suspension depends on their adhesion to the hydrocarbon phase. Thus 
